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Abstract
Experimental investigations have shown that bridging oxygen (Obr) atoms on the highly non-stoichiometric TiO2
(110) surface cluster together into nearest-neighbor pairs. Theoretically, this behavior has been observed in simu-
lations of an Obr vacancy interaction model for TiO2 (110) in the high-vacancy-concentration limit. However, an
interaction model that focuses on oxygen vacancies is ill-equipped to explain the behavior of interacting oxygen
adatoms on a nearly fully reduced (i.e., Obr-depleted) surface. Therefore, to better understand this behavior, we have
constructed an adatom-adatom lattice-gas model for oxygen on the fully reduced TiO2 (110) surface and performed
an extensive set of Monte Carlo simulations on this model.
1. Introduction
As one of the prototypical transition metal oxide compounds, TiO2 plays an important role in both industry and
basic research. Signiﬁcant eﬀort is being expended by both the theoretical and experimental communities on un-
derstanding the important role that defects on the TiO2 (110) surface play on catalyzed reduction and oxidation
reactions.[1] Particular attention is given to the lowest energy (and therefore most important) intrinsic point defects on
this surface, vacancies among the so-called “bridging oxygen” atoms, Obr.[2] Experiments have observed these va-
cancies on TiO2 (110) in a variety of structural arrangements, where many of the speciﬁc features have been explained
theoretically by constructing a model of interacting vacancies.[3]
One such feature is the nearest-neighbor pairing of Obr atoms on highly non-stoichiometric (i.e., nearly fully
reduced) surfaces. Experimentally, this paring has been observed in an ordered vacancy pattern with a vacancy
concentration of 67%.[4, 5] Additionally, theoretical investigations have predicted regular clustering of bridging O
atoms into nearest-neighbor pairs on surfaces with vacancy concentrations as low as 50%. This behavior persists to
very high vacancy concentrations, as seen in Fig. 1, where the vacancy concentration is 96.68(3)%. While the paring of
Obr atoms predicted in these Monte Carlo simulations agrees with experimental observations, this behavior is diﬃcult
to explain using an interaction model that focuses on the vacancies and not on the oxygens themselves. Therefore, in
order to explain this Obr pairing, it is useful to construct a model that is equivalent to the vacancy interaction model,
but that instead describes Obr adatom interactions.
2. Method
The vacancy interaction model described in Ref. [3] can be recast as a model of interacting Obr atoms. In this
case, the base system is the completely reduced surface (i.e., no bridging oxygens) on which some number of oxygen
atoms is added at bridging sites. While this picture does not represent how actual defective surfaces are formed,
it does provide an equivalent description for a surface with high vacancy concentration. The Hamiltonian for this
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Figure 1: A representative image of the TiO2 (110) surface from Monte Carlo Simulations on a 600 Å square surface cell at a temperature of 300
K and a chemical potential of -5.10 eV. The calculated vacancy concentration is 96.68(3)%. A portion of the cell is magniﬁed at the right, where
the square light cells show the formation of nearest-neighbor pairs of Obr atoms. Each square represents an Obr pair.
lattice-gas model [6, 7] is constructed by summing terms of increasing interaction order; i.e., on-site, 2-body, 3-body,
etc. interactions, as shown in Eq. (1). In this equation, each index (k, l, m) individually runs over all Obr lattice sites
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(N[1¯10]×N[001]) on the 2-D surface. The binary variable, σk, is deﬁned to be 1 if an Obr atom exists at the kth site on
the surface, and 0 otherwise. The coeﬃcient c corresponds to the adsorption energy of an isolated oxygen atom on a
fully reduced surface (interaction order 1), and the remaining coeﬃcients (a,b,. . .) describe terms of higher interaction
order. These multi-body interaction coeﬃcients are functions of the orientation of the Obr cluster represented by
the corresponding term. The parameters αkl, βklm, etc. label distinct arrangements for oxygen pairs, triples, etc.,
respectively. Since the lattice constants for the TiO2 (110) surface are diﬀerent in the [1¯10] and [001] directions,
relative distances between pairs of Obr sites are not immediately obvious. Figure 2 delineates the neighboring Obr
sites, up to the 10th nearest neighbor, relative to an Obr atom at the site labeled 0. These neighbor numbers can then
be used to specify the multi-body interaction coeﬃcients in equation 1. Speciﬁcally, for 2-body interactions, αkl =
1 corresponds to an Obr pair in which sites k and l are nearest neighbors, αkl = 2 denotes a second-nearest-neighbor
pair, and so on. Describing the 3-body interaction coeﬃcients is a little more diﬃcult, but can also be done using
neighbor numbers. For example, three vacancies located at the origin (0,0), site (0,1), and site (0,2), can be mapped
to the site labels 0, 1, and 2, respectively, from ﬁgure 2. The 3-body interaction coeﬃcient is then speciﬁed by βklm
= 1,2, where all vacancy arrangements equivalent by symmetry are also given this value of βklm. While higher-order
multi-body interaction terms can be expressed in a similar manner, these terms will not be needed in the development
of the present model, and thus are not included in this discussion.
Using ﬁrst-principles Density Functional Theory (DFT), [8] we performed total energy calculations on 21 distinct
ordered arrangements of Obr atoms on the reduced TiO2 (110) surface, spanning a concentration range of 17-83%,
as described in detail in Ref. [3]. From this data, the average binding energy per adsorbed Obr atom was calculated
for each arrangement. We then performed a least squares ﬁt in order to parameterize the interacting Obr adatom
Hamiltonian, Eq. (1). The resulting coeﬃcients (in eV) are listed in Table 1, where the statistical error in the last
decimal place arising from the ﬁt is given in parenthesis. Average binding energies calculated using this interacting
Obr model were found to be in good agreement (within 1.2%) with the DFT calculated values. This level of precision
is comparable both to the statistical errors in the ﬁtting for each coeﬃcient in the interaction Hamiltonian and to the
inherent systematic errors in DFT calculations. Monte Carlo simulations using Metropolis importance sampling [9], as
described in Ref. [3], were then performed to investigate the arrangements of Obr atoms on highly non-stoichiometric
TiO2 surfaces.
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Figure 2: Relative locations of Obr sites on a ball and stick model of the TiO2 (110) surface are shown. Ti (O) atoms are represented by small,
dark (large, light) spheres. Given an Obr atom located at the site labeled 0, the neighboring Obr sites, up to the 10th nearest neighbor, are numbered
according to their relative distances.
Table 1: The energy coeﬃcients for a lattice gas model of interacting Obr atoms composed of isolated, 2-body, and 3-body interactions, as speciﬁed
in Eq. (1) and described in the text, are listed in units of eV. The statistical errors in the last decimal place for the ﬁtting procedure are given in
parenthesis.
Energy Coeﬃcients (eV)
c -4.93(1)
αkl
1 -0.30(2)
2 0.21(2)
3 0.04(1)
4 0.04(1)
βklm 1,2 0.42(2)
3. Results
Figure 3 shows a plot of vacancy concentration vs. chemical potential for an approximately 39×59 Å simulation
cell at room temperature (300 K) for simulations using both Obr adatom and Obr vacancy interaction models. (Note
that adatom concentration is 1 minus vacancy concentration.) As the chemical potential is increased, the surface
progresses from fully reduced at the left to fully oxidized (i.e., stoichiometric) at the right. The results from the two
models agree very well at higher vacancy concentrations (≥ 30%). At lower concentrations the models disagree. This
disparity results from the limited set of ordered conﬁgurations used in ﬁtting the model coeﬃcients. This set was
chosen in order to produce a high quality vacancy interaction model, and not an Obr adatom model. Including many
additional conﬁgurations in the ﬁt would no doubt extend the agreement between the results shown in Fig. 3 down to
low vacancy concentrations. However, since these calculations would be computationally very expensive, we chose
not to perform them at this time, as they would add nothing substantive to the interpretation.
Further comparison of the simulation results shows that the arrangements of bridging O vacancies at 30%, 40%,
50%, and 60% are independent of the interaction model used. Speciﬁcally, for both models, bridging O atoms are
observed to pair together along [001] rows when the vacancy concentration is ≥ 50%. This behavior can easily be
explained from the coeﬃcients listed in table 1. Other than the one-body on-site term (c), the coeﬃcient for nearest-
neighbor (αkl = 1) interactions along the bridging O rows is the only attractive term. Therefore, bridging O atoms
would be expected to pair together along [001] rows, even at very high vacancy concentrations.
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Figure 3: Plot of the concentration of Obr vacancies vs. chemical potential of the surface for room temperature (300 K) simulations on a 39×59 Å
simulation cell, using both Obr adatom and Obr vacancy interaction models. The statistical error bars from the Monte Carlo runs are smaller than
the points in each curve.
4. Conclusions
We have shown that Monte Carlo simulations of an interaction Hamiltonian for Obr adatoms on an otherwise
fully reduced TiO2 (110) surface results in nearest-neighbor pairing of bridging O atoms. This behavior agrees with
previous simulations done with a vacancy interaction model [3] and experimental observations of an ordered 67%
vacancy conﬁguration [4, 5]. Focusing the investigations on Obr adatoms shows that the nearest-neighbor interaction
is attractive, which is the driving force for the observed pairing.
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